Abstract-Timed Up and Go (TUG) test is a widely used clinical paradigm to evaluate balance and mobility. Although TUG includes several complex subcomponents, namely: sit-to-stand, gait, 180 turn, and turn-to-sit; the only outcome is the total time to perform the task. We have proposed an instrumented TUG, called iTUG, using portable inertial sensors to improve TUG in several ways: automatic detection and separation of subcomponents, detailed analysis of each one of them and a higher sensitivity than TUG. Twelve subjects in early stages of Parkinson's disease (PD) and 12 age matched control subjects were enrolled. Stopwatch measurements did not show a significant difference between the two groups. The iTUG, however, showed a significant difference in cadence between early PD and control subjects (111. time, the test-retest reliability of iTUG was also evaluated. Among the subcomponents of iTUG, gait, turning, and turn-to-sit were the most reliable and sit-to-stand was the least reliable.
Despite its widespread use in the clinic and clinical studies, TUG is limited. The main limitations are 1) it focuses only on time and ignores any other deficiency of movements and 2) it measures the total time to perform a series of complex activities without separating the performance of the subject in each part. In cross-sectional studies where a new medication, exercise program or other therapies affects some aspects of gait or balance, the effects might go unnoticed if the total time of TUG is not significantly changed. In some neurological diseases with slow rate of progress, TUG might not be sensitive enough to pick up the evolution of the disease unless the study is extended over several years. To address some of these problems, [13] used a stopwatch to measure the duration of each of the four subcomponents of the TUG, namely sit-to-stand, gait, turning, and turn-to-sit. However, using a stopwatch to find exact time of a rapid sequence of activities is difficult and somewhat subjective. In a recent study researchers used inertial sensors to measure the duration of each subcomponent of the TUG test automatically [15] . However, the main limitation of TUG, i.e., focusing only on time was not addressed by either of these methods. A main goal of our study was to address both issues by providing detailed, objective evaluation of TUG's subcomponents.
The subcomponents of TUG are complex activities on their own. Lately, there has been progress in developing objective methods to characterize and assess these complex activities in clinical environments using wearable, inertial sensors [16] . Specifically, gyroscopes and accelerometers on the shanks and sternum have been used to record and analyze gait [17] [18] [19] [20] , sit-to-stand, and stand-to-sit transitions [21] , [22] . We apply these methods as a foundation to analyze subcomponents of the TUG test.
An important step needed to build a complete system to analyze all subcomponents of the TUG test is to analyze 180 turns. A difficulty in turning analysis is defining the onset and offset of turns [23] , [24] . Higashi et al. used angular velocity in the yaw-axis and a fixed threshold to define onset and offset of turning [15] . While [24] did not clearly define turning duration, it is assumed a similar approach was used. In this study, we use a new concept to define turn duration based on mathematical modeling. We hypothesize that it is possible to automatically analyze all subcomponents of the TUG test using inertial sensors.
Besides providing detailed assessment of subjects' performance, a useful movement analysis system should be reliable. The TUG, itself, is a reliable test [25] and a recent study has shown good test-retest reliability for the duration of its subcomponents [26] . The present study evaluates the test-retest reliability of using inertial sensors to automatically quantify measures within each subcomponent of the TUG.
A useful clinical assessment tool also needs to be sensitive to pathology. While it is known that patients with moderate to advanced stages of Parkinson's disease (PD) show impaired motor performance compared to control subjects [9] , [27] , it is difficult to identify mobility deficits in very early stages of their disease [28] . To demonstrate the improved sensitivity of instrumented TUG (iTUG), we compared the performance of TUG and iTUG of a group of unmedicated PD subjects early in the disease who had minimal gait impairment with age-matched healthy control subjects.
The present manuscript focuses on describing the proposed analysis algorithm for automatic analysis of iTUG. We believe the scope of applications of iTUG go beyond assessment of mobility in patients with PD; thus only the most important clinical results are presented. A separate manuscript presents our clinical findings related to early PD in more detail [28] . A draft version of the turning analysis method was previously presented in an IEEE conference [29] .
II. METHOD

A. Subjects
Twelve patients with idiopathic Parkinson's disease and 12 control subjects participated in this study. The two groups were age matched (60.4 8.5 versus 60.2 8.2 years old). There were seven males in the PD group and three males in the control group. Healthy control subjects were either spouses of the PD subjects or recruited from the community. PD subjects were in early-to-moderate stage of disease (H & Y score between 1 and 2.5, UPDRS motor score 20.0 9.4) and have never taken anti-Parkinsonian medications. Subjects were excluded if they had any neurological disorders other than PD, orthopedic disorders or other impairments that could potentially interfere with gait, or if they used orthotic devices or had artificial joints. All participants provided informed consent approved by the Oregon Health & Science University Institutional Review Board.
B. Measurement Protocol
Subjects performed timed up and go test three times. They all used an armless chair and were instructed to not to use their arms to stand up. Although in traditional TUG an armchair is used, we used an armless chair to make the task slightly more challenging. Several other studies explored using armless chairs in the past [6] , [15] , [25] , [30] . Using armless chairs could reduce the variability between subjects by eliminating the choice to use or not to use the armrests to arise. In traditional TUG walkway is only 3 m. Extended Timed Get Up and Go (ETGUG) used a 10-m walkway to include more gait cycles during the test [30] . However a larger room is required to accommodate a longer pathway. We decided to make a compromise and used a 7-m walkway so that we could have more gait cycles than TUG but use less space than ETGUG. The beginning and end of the walkway were clearly marked with 2.5-cm-wide tape on the floor. These markings were shown to the subjects before the test. The end line was 3 m away from the wall. Subjects were instructed to sit straight on the chair with their hands on their thighs and their backs touching the back of the chair. After they were given the go signal by the tester, they arose from the chair, walked at their normal speed, turned around right after passing the tape at the end of the pathway, returned back to the chair, turned around and sat down. The tester timed their performance with a stopwatch. All sessions were recorded on video to verify performance.
To assess test-retest reliability of the measures, nine subjects in each group repeated the protocol a second time. After finishing the three iTUG tests, sensors were removed from their body. After 1 h, the sensors were replaced, and the protocol was repeated. We assumed that the subjects' performance remained the same within this time period. The same examiner used the same device and same protocol to test the subject for the second time.
In summary, subjects had 3 TUG (3 m) and 3 iTUG (7 m) trials. Subjects that also participated in the test-retest reliability had an additional three trials of iTUG.
C. Systems and Devices
Subjects wore a small data-logger in a waist-worn pack, Physilog (BioAGM, CH), with seven inertial sensors attached on the forearms, shanks, thighs and sternum as shown in Fig. 1 [17] . To limit the number of recorded channels, a different combination of accelerometers and gyroscopes was used for each body site: a sensor with a 3-D accelerometer ( 5 g) and a 2-D gyroscope ( , yaw and pitch axes) was fixed on sternum [22] with double stick tape. A 2-D gyroscope ( , yaw and pitch axes) was attached on each forearm and a single axis gyroscope ( , pitch axes) was placed on each thigh and shank [31] with Velcro straps. Sampling rate was 200 Hz. The data were recorded on a 128 MB SD flash card.
D. Components of the iTUG
The iTUG was divided into four major components: sit-tostand, steady-state gait, turning, and turn-to-sit (see Fig. 2 ).
Each subcomponent of the iTUG was detected with a unique subset of sensors: sit-to-stand and turn-to-sit transitions were detected and analyzed using the trunk sensor with a method published elsewhere [22] . Steps during gait and turns were detected using the two sensors on the shanks [31] . Turns were detected using the trunk sensor with a new method described in the next To analyze steady-state gait, after detecting sit-to-stand and stand-to-sit transitions [32] and turns (explained in the next section), steps within turns and transitions were removed. The remaining steps, which were taken only during straight walking, were analyzed using the signals from the four sensors attached to the lower-limbs [31] . We also analyzed arm swing during gait using the signals from sensors attached on the forearms.
E. Analysis of Turning
An interesting problem in analyzing turns in the iTUG is identifying the onset and offset of the turns. The iTUG includes two 180 turns: one after walking 7 m and the other during final turn-to-sit transition. Unlike initial and terminal contacts in gait analysis, onset and offset of turns are not events marked by sudden, distinct movements of the body or impacts with the floor, but are rather a slow transition from one form of activity (straight walk) to another (turn). [15] defined onset and offset of turns by finding the time trunk angular velocity crossed a fixed threshold level. However, gait and transitions produce noticeable signals in yaw angular velocity [see Fig. 3(a) ]. As a result threshold-based methods are sensitive to noise and will probably have low reliability, especially with slow gait and turning speeds. In our approach, we avoided fixed thresholds and used a mathematical model to find these transitions from straight to curved walking and back to straight walking (or sitting at the end of TUG) using an optimization method.
To detect 180 turns, we analyzed the signal from the yaw gyroscope on the sternum [ , Fig. 4(a) ]. This signal showed large variations associated with shoulder girdle rotation during walking. As seen in the raw signal, although it is relatively easy to identify when turns occurred in this signal, due to marked peaks in yaw velocity amplitude, it is difficult to see exactly where turns begin and end.
After integrating signal, the relative trunk angle in the horizontal plane was obtained. Since the initial angle of the trunk at the beginning of recording is unknown, a value of zero was assumed. Thus, showed how much the trunk was turned to the left or right relative to the beginning of the test. As seen in Fig. 4(b) , walking components appear in as nearly flat lines with some variations due to yaw rotation oscillations of trunk. Turning components appear as positive or negative ramps, depending on the direction of turns. Since the sensor attached on the trunk could have a small inclination relative to the horizontal In drift and offset of the gyroscopes were assumed to be constant during the short period of iTUG and were described as constant slope .
In this model described the first turn and described the second turn. The coefficients used to estimate the amplitude of the turns (usually near, but less than, 180 due to sensors inclination), the time and duration of turns, respectively. In this model, period of the turns would be defined as .
A subspace trust-region based, nonlinear, least squares optimization method [33] was use to fit on . Coefficient of determination was used to evaluate the quality of model fit to data.
F. iTUG Metrics
The following outcomes were calculated for each subcomponent of iTUG.
Sit-to-stand metrics [22] , [32] . 1) Average and peak angular velocity of trunk in the sagittal plane (in degrees per second). 2) Duration (in seconds) and range-of-motion (ROM) of the trunk in the sagittal plane (in degrees). Gait metrics [31] . 
G. Data Analysis
All analysis algorithms, as well as statistical evaluation of outcomes were performed in MATLAB.
Mean value of the straight walking gait metrics across all three trials were reported. The median of metrics of the transitions and turns in the three trials were reported to eliminate outliers.
To compare differences between the mild PD and control groups, Wilcoxon's nonparametric test (rank-sum) was used. Since the tests for the metrics where preplanned, the p-values were not adjusted for multiple-comparisons. To evaluate test-retest reliability of the iTUG, Intra-Class Correlation (ICC) was used [34] . Since the same subjects and same device was used for reliability, an ICC(1,1) was used. and 95% confidence intervals were reported.
III. RESULTS
A. Sensitivity
The total time to perform either 3 m TUG or 7 m iTUG was not significantly different between the early PD and control groups (10.8 0.5 versus 9.9 0.3, for TUG and 15.4 0.6 versus 14.3 0.5 s, for iTUG). After combining three repetitions of iTUG and removing gait cycles overlapping with turns and transitions, there was no significant difference in number of gait cycles between groups: the PD group had 15.6 3.5 gait cycles and the control group had 15.5 3.9 gait cycles 0.95). None of the common spatio-temporal gait measures, except Cadence, were significantly different between the two groups (see Table I ).
The algorithms automatically detected all transitions and all turns. The residuals of fitting the mathematical model of turning on raw data were small (average , min 0.9973, max 0.9997). Table I shows list of the outcome metrics. Despite the similarity of the total time to perform iTUG and the similar number of gait cycles between the two groups, several measures related to some components of iTUG, namely gait, turns and turn-to-sit, showed significant differences between groups. The only component of iTUG that was not significantly different between the two groups was the sit-to-stand.
B. Reliability
Temporal measures of gait, with the exception of limp, showed an excellent reliability . Spatial measures (stride-length and stride-velocity) showed somewhat lower, but yet good, reliability . Reliability of the estimated duration of turn and turn-to-sit transitions was also very high. Sit-to-stand measures, however, did not show good test-retest reliability. Table II summarized the test-retest reliability results.
IV. DISCUSSION
The iTUG is a technological evolution of the TUG, a familiar and well-established test of mobility. By instrumenting the TUG and designing automatic analysis algorithms we could provide objective and comprehensive assessment that went beyond temporal measures. The idea of looking at performance of subjects in each component of TUG separately was previously explored by [30] with Extended Timed Get Up and Go (ETGUG). They used a 10-m walkway and recorded the time of each of four components of the tests. To our knowledge, only one other group used inertial sensors to quantify subcomponents of the TUG [15] . However, besides durations and amplitude of accelerations during gait, they did not report any other objective outcomes related to components of the TUG. The iTUG, on the other hand, provides a detailed assessment of each subcomponent of the test. For example results in Table I show that range and amplitude of arm-swing were sensitive to early PD while TUG total time was not. This is a new finding that could not be measured by TUG, ETGUG or accelerometery methods focusing on temporal measures.
A major contribution of this study was to introduce a new mathematical model to quantify turning during gait. Our novel, mathematical model to detect turning is reliable and fits the data very well. It is based on modeling the whole dataset, so unlike previous methods, it is not sensitive to local noise and artifacts near the moment of onset and offset of turns. The model is fit over the angle of trunk rotation in the yaw axis rather than over the angular velocity. Thus, it can be used even in extreme cases of very slow or rapid turns; e.g., patients with PD turn more slowly than control subjects. This is an advantage over yaw angular velocity threshold methods [15] , [24] that could have the drawback of population-dependence (the threshold is hard to generalize and tends to be influenced by noise and movement artifacts).
It is noteworthy that although we focused on 180 turns in this study, the mathematical model can be used to analyze turning by 90 or any other value. In fact, due to alignment of the sensor on the body turns were not exactly 180 thus as part of the fitting process, the model measures the turning angle. We hypothesize that this approach can be used to analyze turns under various TABLE II  TEST-RETEST RELIABILITY OF THE ITUG METRICS other conditions, including unplanned, free turns during continuous measurement of spontaneous activity.
Gait was the most reliable subcomponent of the test. Cadence was its most reliable metric . Stride-length and stride-velocity showed moderate to good reliability ( and 0.78, respectively). These findings are comparable to a recent study [35] though it reported a slightly lower ICC for cadence and slightly better ICC for stride-velocity. The reason that spatial measures were less reliable than temporal might be due to the sensitivity of these measures to the alignment of the sensors on the body [31] . There is a potential to improve the reliability of these measures by improving the gait analysis method with 3-D, instead of 1-D, gyroscopes. Limp, i.e., difference between initial and terminal double-support, was the least reliable gait measure probably due to its very short duration compared to the sampling period of the system (5 ms). These results suggest that gait analysis within iTUG is feasible and reliable.
Duration of turns was the most reliable turning metric. The reason might be due to the turning model that uses the whole signal, including gait prior to and after the turn. Also, the model is not particularly sensitive to local noise near onset and offset of turns. The least reliable measure related to turning was the number of double steps. The relatively mild PD subjects rarely took double steps and did not need to use double steps consistently in all trials. Healthy subjects never took double steps. Reliability of the turn-to-sit metrics were comparable to the turning metrics.
The sit-to-stand component was the least reliable part of the test. This finding is similar to the findings of a previous study looking at duration of the TUG test components [26] . The poor reliability of the sit-to-stand metrics might be due to the large degrees of freedom available to subjects who can use a variety of strategies to perform this activity [36] , [37] , despite our efforts to limit this freedom by giving subjects explicit instructions on how to perform the test and using the same chair during all trials. Another reason for poor reliability might be due to our analysis method that relies on detection of peak angular velocity, though we have used appropriate filters to minimize the effect of noise in peak-identification [22] .
Significant differences between the early PD and age-matched control groups could be observed in three, out of four, components of the iTUG, although the total time to perform the iTUG test was not sensitive enough to separate the groups' performance. Subjects with early PD had especially slow turning, arm swing, cadence, and trunk rotation during straight walk. They performed normally in sit-to-stand. A more detailed clinical discussion of the differences found between the two groups, as well as the relationship between severity of PD and the outcomes measures of the iTUG is published in a separate paper [28] .
The potential applications of iTUG is not be limited to testing subjects with PD. The iTUG provides a large number of quantitative outcomes for gait and postural transitions that are relevant for testing anyone with balance or gait deficits. A different subset of measures in the iTUG might be sensitive to different neurological or musculoskeletal constraints. The traditional TUG has been shown to predict falls in the elderly [4] . Our new, instrumented version, the iTUG, may be even more sensitive to earlier stages of mobility disability. A better understanding of the subcomponents affected in mobility disability will also help focus rehabilitation to remediate these constraints [38] .
Some important components of the test that have not been fully explored in this study are gait initiation and termination, in particular the sit-to-walk movement. Further work is required to evaluate feasibility of using inertial sensor to analyze these components.
In conclusion, the iTUG is an objective, fast, reliable and sensitive test of mobility. We recommend using the iTUG to replace the TUG for clinical trials and clinical practice.
